Charcot-Marie-Tooth disease (CMT) is a group of hereditary peripheral neuropathies. The dominantly inherited axonal CMT2 displays striking genetic heterogeneity, with 17 presently known disease genes. The large number of candidate genes, combined with lack of genotype-phenotype correlations, has made genetic diagnosis in CMT2 time-consuming and costly. In Finland, 25% of dominant CMT2 is explained by either a GDAP1 founder mutation or private MFN2 mutations but the rest of the families have remained without molecular diagnosis. Whole-exome and genome sequencing are powerful techniques to find disease mutations for CMT patients but they require large amounts of sequencing to confidently exclude heterozygous variants in all candidate genes, and they generate a vast amount of irrelevant data for diagnostic needs. Here we tested a targeted nextgeneration sequencing approach to screen the CMT2 genes. In total, 15 unrelated patients from dominant CMT2 families from Finland, in whom MFN2 and GDAP1 mutations had been excluded, participated in the study. The targeted approach produced sufficient sequence coverage for 95% of the 309 targeted exons, the rest we excluded by Sanger sequencing. Unexpectedly, the screen revealed a disease mutation only in one family, in the HSPB1 gene. Thus, new disease genes underlie CMT2 in the remaining families, indicating further genetic heterogeneity. We conclude that targeted next-generation sequencing is an efficient tool for genetic screening in CMT2 that also aids in the selection of patients for genome-wide approaches.
INTRODUCTION
Charcot-Marie-Tooth disease (CMT) is an inherited disease of the peripheral nervous system with a prevalence of B1:2500, which makes it the most common genetic neuromuscular disorder. 1 The pathogenic mechanism is a defect of myelination (CMT1) or axon function (CMT2). The genetic heterogeneity of CMT reflects the unique anatomy and metabolism of the peripheral nervous system. The number of CMT disease genes has grown rapidly since the first causative gene defect was identified in 1991. 2 Defects in more than 40 genes are now known to be associated with CMT or related phenotypes, inherited through all possible Mendelian inheritance patterns, according to the Inherited Peripheral Neuropathy Mutation Database (IPNMD, http://www.molgen.ua.ac.be/CMTmutations/ Mutations/). CMT1 is typically caused by defects in genes expressed in Schwann cells, whereas CMT2 disease genes encode a functionally broader group of proteins required for axon maintenance. 3 The molecular diagnosis of CMT1 is often straightforward as 70-80% of patients have a duplication or mutation in the gene encoding the peripheral myelin protein-22 (PMP22). Diagnosis of CMT2 relies on electrophysiologic studies, which typically demonstrate normal or slightly decreased nerve conduction velocity with decreased amplitude. At least 17 disease genes for CMT2 have been reported, complicating the molecular diagnosis in patients. Although recessive inheritance and de novo mutations are possible, most CMT2 cases follow autosomal dominant (AD) inheritance. Mutations in MFN2, encoding mitofusin2, have been reported in up to 20% of families with AD-CMT2. 4 Mitofusins regulate mitochondrial fusion, thus being essential for mitochondrial dynamics in axons. Mutations in the other CMT2 genes explain the disease only in small percentages of patients. Of these genes, GDAP1 also encodes a protein involved in mitochondrial dynamics, whereas others encode components of axonal cytoskeleton (NEFL), proteins that regulate vesicular and mitochondrial transport along axons (KIF1B, DNM2, DYNC1H1, RAB7A, LRSAM), ubiquitous proteins involved in gene expression and protein synthesis (MED25, LMNA, AARS, GARS), calcium channels (TRPV4) or chaperones (HSPB1, HSPB8). The large number of potential disease genes has prevented simple molecular genetic diagnosis in most patients with CMT2.
Founder effects, mutation hot spots and chance influence the contribution of each gene to CMT2 in different populations. In our cohort of Finnish patients with dominant CMT2, a founder mutation in GDAP1 (leading to amino acid change H123R) explains 14% and private MFN2 mutations 11% of the familiar disease. 5 The rest of the Finnish CMT2 patients lack molecular diagnosis because the screening of all potential candidate genes by Sanger sequencing has been too large of an undertaking for the health-care system. Therefore, a means to screen all candidate genes in a fast and costeffective manner would be a major improvement.
Next-generation sequencing (NGS) methods are expected to dramatically advance the gene diagnosis process in CMT patients. Both whole-genome sequencing and whole-exome sequencing (WES) have already been successfully employed in CMT mutation discovery. [6] [7] [8] One of the disadvantages of these methods is that they require very large amounts of sequencing to achieve sufficient read coverage for confidential exclusion of heterozygous variants in all candidate genes. For example in WES, the sequence reads are often unevenly distributed over the exome, and thus the average read coverage reveals little about the method's power to find or exclude all possible disease-causing mutations. Through these methods a vast amount of unnecessary data are produced when the purpose in a diagnostic setting is only to analyze mutations in a determined set of candidate genes. [6] [7] [8] We chose to test a targeted NGS approach for CMT2 gene diagnostics, focusing on confident exclusion of known disease genes.
MATERIALS AND METHODS Patients
In total 15 unrelated patients of Finnish origin, diagnosed with familiar adultonset CMT2, were included in the study. Electroneuromyography studies were performed on all patients. The findings were consistent with length-dependent sensory-motor and axonal neuropathy with normal (438 m/s) or slightly decreased (25-38 m/s) nerve conduction velocities (NCV) typical for CMT2. Autosomal dominant inheritance pattern was suspected in all families. The clinical and electrophysiological studies were performed at the Helsinki University Central Hospital or Oulu University Hospital. All subjects gave written informed consent and the study was approved by the ethics board of the Helsinki University Central Hospital.
Targeted NGS
The sequencing target was designed with the SureDesign program (Agilent Technologies, Santa Clara, CA, USA) to cover 17 CMT2 disease genes and an additional 143 candidate genes. Target enrichment and amplification was done with the HaloPlex Target Enrichment Kit (Agilent Technologies), according to the manufacturer's instructions. The genomic patient DNA was first fragmented with restriction enzymes followed by hybridization of the target DNA to a biotinylated probe library and by its capture using streptavidin-coated magnetic beads. Finally, the target was PCR amplified to produce a targetenriched sample for sequencing. Sequencing was done on an MiSeq sequencer (Illumina, San Diego, CA, USA) and the reads were aligned to the target. The variant calling pipeline developed by the Finnish Institute of Molecular Medicine 9 was used for variant calling. The CMT2 disease gene exons that contained at least one nucleotide with a sequencing read depth of o6 were defined as not adequately covered by the NGS method. These exons were selected for Sanger sequencing. Primer sequences are listed in the Supplementary Table 3 . Identified disease-causing variants were submitted to the ClinVar database (www.ncbi.nlm.nih.gov/clinvar/).
RESULTS

Patients
In total, 15 unrelated patients were included in the study with inclusion criteria of a diagnosis of axonal CMT at age 17 or older by clinical assessment and electrophysiological study, positive family history with suspicion of dominant inheritance, and consent to enroll in the study. The patients were prescreened for the GDAP1 c.368 A4G (p.(His123Arg)) (RefSeq NM_018972.2) mutation and MFN2 coding-region mutations, with negative results.
Targeted NGS in CMT2 patients
We selected the 309 coding exons of 17 previously reported CMT2 disease genes (KIF1B, MFN2, RAB7A, TRPV4, GARS, NEFL, HSPB1, HSPB8, AARS, DNM2, DYNC1H1, MPZ, LRSAM1, GDAP1, MED25, LMNA, and BSCL2 (MIM#118210 entry, last updated 10/10/2012)) as the target for the NGS. For target enrichment we used the HaloPlex Target Enrichment System, which utilizes restriction enzymes to fragment genomic DNA. As this system allowed simultaneous analysis of up to 500 kb of target, we included an additional 143 candidate genes to a total target of 479 992 bp (Supplementary Table 1 ). These additional genes were selected primarily based on association with other neuropathies or due to a functional relation to a known CMT2 disease gene. Additionally, we included a number of genes in which candidate mutations had been previously identified by exome sequencing of CMT2 patients. 5 The target translated into a total bait of 1.18 Mb, which included intronic flanking regions for each exon. To achieve sufficient target coverage, a minimum sequence of 100 Mb was generated. This requirement was not met for two of our samples, which resulted in their exclusion from full analysis. For the remaining 13 samples, mean bait coverage was 108X.
To evaluate the completeness of the method for the screening of the 17 known disease genes, we analyzed the read coverage of each coding exon of these genes in detail using the Integrative Genomics Viewer (Broad Institute). A minimum read coverage of six was regarded as necessary for identification or exclusion of a mutation. This was achieved for 293 of the 309 target exons (94.8%). The 16 remaining exons contained at least one insufficiently covered base pair, which was analyzed to result from the lack of suitable restriction enzyme recognition sites in the intended region. These sequences had thus not been included in the bait, indicating that additional rounds of sequencing would not have improved their coverage. The nine genes that were fully covered contained between 3 and 19 exons ( Figure 1 ). The missed exons were distributed randomly within the remaining eight genes (1 per 20 exons on average), with the exception of GARS, which had as many as 5 exons out of 16 missing coverage for at least one base pair ( Figure 1 ). To fully exclude all the known CMT2 genes, we designed primers for these 16 remaining exons and Sanger sequenced them.
Targeted NGS data reveal a new HSPB1 mutation in a large family with AD-CMT2 To find potential disease-causing mutations in the 17 known CMT2 disease genes, the NGS data were filtered through the following steps: (1) exclusion of variants with 40.005 frequency in the 1000Genomes database (www.1000genomes.org), (2) exclusion of variants that were not in the coding regions or in splice sites, (3) Val705Ile)) (RefSeq NM_001127660.1), has previously been reported as a CMT2 mutation, 10,11 but we have found that nearly 5% of Finnish individuals are heterozygous carriers of this variant. 5 A recent Australian study reported a similar carrier rate and showed that the variant did not segregate with the disease phenotype (1) from the number of heterozygous variants occurring at least in one patient, the common variants, that is, variants with frequency of 0.005 or higher in the 1000Genomes database, were excluded, (2) exclusion of variants in the non-coding regions that were not intronic variants within 10 bp of the nearest exon, (3) exclusion of coding-region variants that did not change an amino acid. The four remaining variants are described in the table below. The SIFT tool predictions and the frequencies of the variants in the NHLBI ESP EVS are shown.
Targeted next-generation sequencing in neuropathy E Ylikallio et al in a CMT2 family. 12 In one patient a potential disease-causing mutation was found in the HSPB1 gene, a c.404C4A transversion (RefSeq NM_001540.3) resulting in p.(Ser135Tyr) amino acid change. This variant was not present in 1000Genomes or EVS database and was predicted to be damaging by the SIFT Genome tool (sift.jcvi.org/). HSPB1 mutations have been reported in autosomal dominant families with axonal CMT or distal hereditary motor neuropathy. 13 One of the originally described HSPB1 mutations affected the same amino acid. p.(Ser135), but the change was from serine to phenylalanine (p.(Ser135Phe)) instead of tyrosine. Our patient is from a large family with several affected members and a clear dominant inheritance (Figure 3a) . The presence of the mutation was confirmed by Sanger sequencing (Figure 3b) , and it segregated with the disease in all nine family members whose samples were available for the analysis.
In this large family, 18 members in at least 5 generations are known to have axonal motor distal polyneuropathy with minimal sensory involvement. Males have been affected with higher frequency than females (5 female patients compared with 13 males). The disease has been chronic and symmetrical with neurological examination showing onset between the ages of 18 and 25 years in males, and about 10 years later in females. An active sportsman has been an exception with first symptoms occurring at the age of 34 years. Toe and feet extensors were affected the earliest and most prominently, leading to numbness, muscle weakness, peroneus paresis, and finally atrophic paresis of the legs. Fingers and the arms became involved about 5 years after the onset. Older patients had claw hands and needed assistive devices for daily life. All patients finally lost tendon reflexes but had no cranial nerve involvement or autonomic disturbances. Only some of them had mild pes cavus.
The electroneuromyography results (for representative patient, III-5, age 56 years) showed decreased upper limb motor amplitudes in the ulnar and median nerves (0.4 and 0.2 mV, respectively), with marginal decrease in NCV (38.0 and 38.5 m/s, respectively). In the legs, the changes were more pronounced with no detectable measurements in tibial and deep peroneal nerves. Sensory nerve action potential amplitudes were at the lower limit of normal in the radial nerve (9.4 mV), slightly decreased in the median nerve (6.5 mV), and strongly decreased in the ulnar nerve (1.2 mV). Upper limb sensory NCVs were normal in the radial and median nerves (53.0 and 48.7 m/s, respectively), but decreased in the ulnar nerve (28.7 m/s) where the action potential was barely detectable. In electromyography of the lower limb muscles, no activity could be recorded in the tibial or peroneal muscles, whereas the medial head of the gastrocnemius showed fibrillation. Vastus lateralis showed functional deficiency and changes consistent with neurogenic damage. Similar changes were recorded also in the muscles of the hand and lower arm, but the biceps brachii gave almost normal recordings. Another affected family member IV-1, who was studied twice at ages 30 and 32 years showed in the first examination strong and chronic motor nerve axonal damage in distal leg muscles with tibial and deep peroneal nerve amplitudes still detectable, although decreased (0.2 and 0.3 mV, respectively), and NCVs only slightly decreased (37.0 and 34.1 m/s, respectively). Two years later, disease progression was detectable with decrease of motor amplitude in arms and sensory nerve action potential amplitude in legs. Taken together, the findings in this family were consistent with axonal motor-sensory neuropathy, and CMT2 starting in lower leg motor nerves and gradually progressing to the upper limbs and the sensory nerves.
The course of the disease was moderately progressive and most patients in the family required wheelchair after 25-30 years of duration. None of the patients remained fully ambulant and the majority of them used at least lower leg support 5-10 years after the onset. Family members without CMT symptoms were not examined for this study. Subjects were considered unaffected if they reported no symptoms and had passed the typical age of onset.
No potential disease-causing variants were found in the 17 known disease genes in the remaining 12 CMT2 patients. This result suggests that genetic heterogeneity in familial CMT2 may be even larger than previously expected.
Variant analysis in candidate disease genes
We proceeded to analyze the 143 additional candidate genes that were included in the sequencing target either based on association with other neuropathies, functional relation to CMT2 disease genes, or because variants of undetermined pathogenicity had been found in a previous exome sequencing study that included patients from two AD-CMT2 families (Supplementary Table 1 ). For variant filtering, the following exclusion steps were employed: (1) common variants (1000Genomes frequency o0.005), (2) non-coding variants, (3) synonymous variants, and (4) variants with a non-damaging prediction using the SIFT tool. In the genes that were included because of previous association with related neuropathy or because of functional relationship to the CMT2 disease genes, we found a total Table 2 ). These variants were evaluated for their likelihood of being pathogenic. We used the EVS, which contains data from more than 12 000 exomes of American origin, and 1000 Genomes, which contains genome sequences of 100 Finnish individuals among others, to identify mutations present at very low frequency in the population. Of the 10 variants, eight were present in the EVS and/ or Finnish 1000Genomes samples, making them unlikely to be pathogenic. The remaining two variants that were not found in the EVS or the Finnish 1000Genomes individuals were c.180G4C (p.(Gln60His)) in PHB2 (RefSeq NM_001144831.1, encoding prohibitin 2), and c.94C4T (p.(Arg32Trp)) in TK2 (RefSeq NM_004614.4, encoding thymidine kinase 2). We screened the TK2 variant by Sanger sequencing and found it to be a common polymorphism after all, as it was present in 5 of our 53 healthy control samples. For the PHB2 variant p.(Gln60His), segregation could not be studied in the corresponding family because additional samples were not available. The mutation was predicted damaging by SIFT, possibly damaging by PolyPhen-2 (genetics.bwh.harvard.edu/pph2), and disease-causing by MutationTaster (www.mutationtaster.org). PHB2 regulates mitochondrial morphology through OPA1-processing and may thus have a role in axon maintenance 14 Ile228Met)) variant in the gene SCN9A (RefSeq NM_002977.3), which encodes the voltage-gated sodium channel Na n 1.7, was identified in one of our CMT2 families (Supplementary  Table 2 ). Although the EVS frequency of 0.0012 suggests that the variant is likely a rare polymorphism, it has recently been proposed as the causative mutation for patients with small fiber neuropathy. One of the described patients showed severe pain in the teeth, jaw, and behind the eyes as initial symptoms and had normal NCVs, muscle strength, and preserved tendon reflexes. 15 His affected sister suffered from pain and redness of the hands and feet triggered by warmth. 16 A third patient from another family had asymmetric quantitative sensory test results and marginal loss in the density of intraepidermal nerve fibers. Furthermore, the variant has been shown to impair axon integrity in cultured dorsal root ganglion neurons, and to cause a gain-of-function effect in vitro. 17 However, our CMT2 patient carrying the p.(Ile228Met) variant had very different clinical symptoms presenting with bilateral peroneal weakness starting gradually at the age of 35. In the family history, his already deceased father and father's mother had also had distal leg weakness. At age 40 his electroneuromyography study showed loss in motor nerve amplitudes in legs, and in needle-electromyography chronic neurogenic changes focusing in the distal leg muscles, whereas sensory nerve action potential amplitudes and conduction velocities were within normal limits. During disease progression at age 52 years, motor amplitudes were further decreased and distally absent and sensory nerve action potential amplitudes were decreased in legs while still normal in arms. At this point the patient needed two walking sticks to be able to move. The clinical picture and electroneuromyography findings were consistent with motor-sensory axonal neuropathy. Whether this SCN9A variant could be the underlying cause for CMT2 remains presently open.
Finally, we analyzed the 25 genes that were included as candidates because they had contained potential pathogenic variants in a previous CMT2 exome sequencing study. In these genes, we did not identify any variants that we considered likely to be pathogenic. Unlike the 17 known disease genes, which were our main target, the exons of the additional genes were not Sanger sequenced, although they may have contained uncovered base pairs because of restriction site limitations. Specifically, the available restriction sites allowed inclusion of 99.1% of the desired target, meaning that B0.9% of the coding-region bases may have been missed. Thus these genes were not fully excluded for mutations.
DISCUSSION
Molecular diagnosis is challenging to reach in patients with axonal CMT because of a large number of infrequent disease genes, some of which have not yet been discovered. Identification of the causative gene defect allows a precise classification of the disease with establishment of a natural course and prognosis 18 and genetic counseling. Treatments have also been proposed, based on targeting the specific pathways that the disease gene is part of.
In our Finnish CMT2 patient cohort, a founder mutation in GDAP1 is a common cause of dominant CMT2, which together with private MFN2 mutations explains up to 25% of the disease. 5 The rest of our patients lack genetic diagnosis. This study was motivated by the need to utilize a cost-and time-effective method to exclude known CMT2 disease genes in patients. Our previous studies using WES in dominant CMT2 have resulted either in the identification of a known disease mutation, or in a long list of heterozygous variants without certainty of their pathogenicity. The former end result was desirable but could have been reached with far less sequencing using targeted methods. In the latter result, a new disease gene may be the culprit but we could not rule out all known disease genes because of partial incomplete read coverage. Thus, we tested the efficiency of a targeted NGS approach to identify mutations in the known CMT2 disease genes, or to confidently exclude them.
A recent study described the use of WES for mutation screening in CMT2 patients, identifying disease-causing mutations in known disease genes in 32% of the prescreened sporadic cases. 6 This result was highly encouraging, but it required on an average 5930 Mb of sequence per sample. In view of our findings, the same result could have been achieved with targeted NGS of CMT2 candidate genes, requiring just 100 Mb of sequence.
Of the 309 exons in the known 17 CMT2 disease genes, 95% were perfectly covered by the targeted method and this required very little sequencing, considering that the target actually contained an additional 143 genes. In the remaining exons, only a few base pairs were missed in most cases, which reduced the likelihood that mutations would be located in these sites. This was confirmed when we did not find any new variants by Sanger sequencing. For diagnostic purposes, the need to Sanger sequence 5% of the target is not desirable and could be prevented by designing a kit for the target genes with optimized restriction enzymes. The benefits of the targeted method used here are thus the speed and small sequencing requirements, and the limitation is the lack of restriction sites for every target, which requires further optimization.
The analysis of the data was very straightforward and would be feasible in a diagnostic setting. In 17 genes of 13 patients, we identified only 67 different variants altogether. Of these most were easily filtered out as disease mutations because of their frequency in the publicly available genome and exome sequencing databases, which are becoming extremely useful for mutation identification. Although CMT has a prevalence of 1:2500, the contribution of individual mutations in each CMT disease gene is significantly smaller, and thus the chance of finding carriers of dominantly inherited disease mutations in the sequencing databases is low. On the contrary, although also rare, carriers of recessively inherited mutations are more frequent among the individuals whose samples are used as controls for these databases. However, we used caution with the frequency-based Targeted next-generation sequencing in neuropathyexclusion because individuals with late-onset diseases are probable among the control samples. The 1000Genomes data are included in our variant calling pipeline and we used it with a frequency of 0.005. However, at a later stage we excluded the remaining variants using the EVS database, which contains significantly more samples than the 1000Genomes database and allowed thus to exclude variants that were found at frequencies below 0.005. In 1000Genomes, such rare variants may not be listed because by chance they may not have been carried by the sequenced individuals. In a diagnostic analysis of this data, the EVS filter with B0.002 frequency would be optimal as the first step and would exclude most polymorphic variants.
NGS methods are well suited for the detection of single nucleotide variants and small insertions or deletions. The technique is relatively less tested for copy number variants involving entire genes or larger genomic regions, although a software has recently been developed for this purpose. 19 Unlike CMT1, where PMP22 gene duplication accounts for a significant number of cases, 2 the known CMT2 disease mutations so far have been point mutations or small insertions or deletions (IPNMD). In this study, we focused on detection of single nucleotide variants and small insertions or deletions as they were considered to be the most likely mutations in CMT2. Nevertheless, the data analysis could be developed to also detect copy number variants, which were not excluded in our study.
The targeted NGS method proved adept at identifying disease mutations, as we found a new HSPB1 mutation in one large family. The missense mutation changed a conserved serine at position 135 into tyrosine. The p.(Ser135Phe) mutant HSPB1 protein was previously shown to impair cell viability and neurofilament assembly when expressed in cultured cells. 13 Tyrosine and phenylalanine both contain a large hydrophobic side chain, suggesting that the substitution of serine to either amino acid has the same consequence and is disease-causing. The p.(Ser135Phe) variant was originally identified in Russian and English families with AD-CMT2F or distal hereditary motor neuropathy, a peripheral neuropathy that closely resembles CMT2 except for the absence of sensory symptoms. 13 The clinical phenotype of our patients was similar to the previously described, with progressive symmetrical weakness, atrophy of distal limb muscles initially in the legs and particularly in the peroneal compartment. Furthermore, no sensory symptoms were expressed in our patients, and only in the oldest patients were mild sensory impairment of temperature and vibration in the feet and hands documented upon clinical examination.
Although a number of disease genes have been described for CMT2, it has been estimated that 50% of patients carry mutations in yet unknown disease genes. 20 Our results showing complete exclusion of 17 known CMT2 disease genes in 12 unrelated Finnish families with autosomal dominant inheritance supports this hypothesis. With our population history of isolation and bottlenecks, we expect to find new disease genes with founder mutations in these families. The additional 143 candidate genes that were included in the HaloPlex target included genes encoding aminoacyl-tRNA synthetases and proteins involved in axonal transport processes, because of their functional relationship to known CMT2 disease genes. These genes were not fully excluded as disease genes because their NGS gaps were not Sanger sequenced. However, as these NGS restriction site gaps mounted to only 0.9% of the desired target, we can conclude that no obvious disease-causing mutations were found in them. The current repertoire of CMT2 disease genes suggests that the new disease genes can encode proteins of nearly any function and thus the unbiased genome-wide sequencing methods are the choice for disease gene discovery.
In summary, we have introduced and evaluated targeted NGS as a tool to screen disease genes in CMT2. Our results suggest that this technique allows efficient mutation detection and exclusion of candidate genes, which aids in the selection of patients for further genetic studies such as WES or whole-genome sequencing.
